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those of the authors and should not be construed as an official
Department of Defense position, policy, or decision, unless so
designated by other documentation. The citation in this report of
trade names of commercially available products does not constitute
official endorsement or approval of the use of such products. When
government drawings, specifications, or other data are used for any
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no responsibility nor any obligation whatsoever; and the fact that
the government may have formulated, furnished, or in any way supplied
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by implication or otherwise as in any manner licensing the holder or
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to manufacture, use, or sell any patented invention that may in any
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SECTION I
BACKGROUND

This is the final report of a study by the Joint 0il Analysis
Program Technical Support Center (JOAP-TSC) to determine whether
computerized infrared (IR) spectroscopy is a feasible technique for oil
condition monitoring in the Joint 0il Analysis Program. The study was
initiated in January 1982, an in-process review (IPR) was held in
May 1982, and data collection was terminated in June 1983, The test
instrument, a Perkin-Elmer, Model 1330, infrared spectrophotometer, with
a data station, was provided to the TSC by Perkin-Elmer Corporation for
purposes of this study. Additionally, necessary instrument programming
support and infrared spectroscopy consultation were provided by Perkin-
Elmer Corporation in a cooperative study effort. Two papers based on
the study were presented at the Joint 0il Analysis Program International
Symposium in May 1983. They are included in the list of references at
Appendix A.

Infrared spectroscopy is a fundamental tool for organic material
analysis, and it may provide necessary information to assess the
condition of used crankcase oils. Yet application to oil c¢ondition
monitoring has been limited by an inability to quantitatively assess the
total information content of the infrared spectrum and the lack of
acceptable evaluation criteria for oil condition. This study addresses
both of these limitations and the basic hypothesis that the infrared
spectra contain information that will characterize degradation of

in-service crankcase oils. The objectives of this study were to - ==
% > 0Objective 1. Evaluate the effectiveness of the Perkin-Elmer fglf};

‘pr /
I Model 1330, Computerized Infrared Spectrophotometer, as a used oil

condition monitoring device. NN
Objective 2. Develop an improved o0il condition monitoring
methodology based on computerized infrared spectroj’ >tometry.
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SECTION II
DISCUSSION OF INFRARED SPECTROSCOPIC ANALYSIS
OF USED LUBRICATING OILS

A. Introduction.

This section is intended to provide a detailed account of the
application of infrared spectroscopy (IR) to the analysis of used
hydrocarbon based crankcase lubricants. The term, crankcase, is used as
a generic term and most of the data provided are applicable to any type
of equipment powered by an internal combustion engine. An analytical
study of a lubricant in service can provide information that can be used
to diagnose one or more of the following situations:

1. Contamination of the Ilubrication system

2. Changes in engine performance

3. Potential mechanical component failure

4, Lubricant failure
If a diagnosis is made in adequate time, it is possible to reduce
downtime on equipment and reduce operating costs. All of the situations
mentioned either cause or are the result of changes in the physical or
chemical composition of the lubricant. Specific physical/chemical
tests, sﬁch as viscosity, total acid/base numbers (TAN/TBN), total
insolubles, etc., may be used to screen an oil in service. However,
these tests all have significant drawbacks; some are time-consuming,
some are inaccurate, and others are misleading.

The infrared spectrum of a molecular species is essentially a
fingerprint. It is usually sensitive to minor changes in the chemical
makeup or eavironment of a material. In the case of a lubricant in P
service, the spectrum may be used to detect contaminants and to indicate

changes in operating conditions or potential component or lubricant ::-I}

failure. :
B. The Chemistry of a Lubricant in Service. .'_.3
Even under normal operating conditions, the environment in an .{ﬂ:ﬂ

internal combustion engine is potentially hostile to the lubricant.

Most engines operate at moderately high temperatures with the bulk
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0il temperature ranging from 90 to 140 degrees Celsius (194 to 28l degrees

Fahrenheit), and as high as 175°C (347°F) for turbocharged engines.
Normally these temperatures tend to be at the lower end of the range but
are dependent on the operating conditions and environment of an
individual engine. There are, however, regions in the engine,
especially around the combustion zone, where extremely high temperatures
exist. The lubricant in these regions either evaporates, burns or
thermally or oxidatively degrades.

In addition, the combustion process generates gaseous products that
react with the lubricant both at the ring zone and in the crankecase.

The major materials involved are nitrogen oxides (NOx), sulfur oxides
(SOl4) (if sulfur is present in the fuel), oxidized and unburnt fuel,
plus other reactive species, such as free radicals. Additives in the
lubricant are designed to react with many of these degradation products
to reduce their potency. This does not mean, however, that the basic
lubricant does not degrade. The oxidizing nature of the environment and
the elevated operating temperatures lead to degradation of the bulk
lubricant. The presence of additives control the degradation process
and permits the lubricant to function correctly. Obviously, the
additives have a finite lifetime and at some point they become
exhausted. At this stage, catastrophic breakdown of the lubricant can
occur and this in turn may lead to equipment failure.

The products of fuel combustion, a combination of oxidized fuel and
nitrogen oxides, leads to the formation of polymerie organic compounds
that appear in the system as sludges and varnishes. The sludges, which
are generally polar materials, are insoluble in the hydrocarbon base
0il. They are maintained in suspension by dispersant additives.
Dispersant dropout can cause sludge deposition with a resultant blockage
to key ollways. Another insoluble material from fuel origin is carbon
or soot. This usually is only experienced with diesel fueled engines
and is the result of incomplete combustion. Some of the soot is removed
with the exhaust gases but a reasonable amount does enter the crankcase
and becomes dispersed in the lubricant. The dispersants and, to some

extent, the oil filter prevent any adverse effects of soot

contamination.
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Fuel itself is a further potential contaminant. In cases where an
engine is running rich or is over-choked, it is possible for a
relatively high level of unburnt fuel to remain after the main
comSustion. Some of this fuel can wash down the walls of the cylinders
and pass by the piston rings. This is undersirable for two reasons:

1. The washing effect of the fuel on the cylinder walls can remove

» the lubricating film which can lead to scoring of the piston
skirt or piston seizure.

. 2. Any fuel entering the crankcase will dissolve in the oil and
produce the condition known as fuel dilution which causes a
reduction in viscosity and a resultant loss of lubrication
efficiency.

Other sources of contamination can produce severe lubricant degradation
and ultimately cause component failure. Typical contaminants are:

1. Water/glycol from coolant

2. Water from external contact

3. Dust and other siliceous material from the air intake

4, Incompatible fluids from oil top-off with wrong fluids. With
the exception of the use of an incorrect fluid, all the other
contaminants enter the oil after failure of a component, such as a seal,

a gasket, or an air filter. The presence of any one of these

contaminants is potentially disastrous because they lead to a loss of
lubricity, an increase in viscosity or corrosion or, in the case of E-c{
3 siliceous matter, extreme wear of key moving components. :?

C. The Role of Infrared Spectroscopy.

It is obvious that the early detection of external contaminants is e

essential for effective preventative maintenance. Infrared spectroscopy

° is capable of detecting all of the contaminants discussed above. 1In the : f
case of siliceous dust, however, it may be too late to prevent if:%

H & substantial wear to key components once it is detected. For this and i?%
1 other abrasiv: materials, wear metal analysis may be a more sensitive ;’;:
method of measurement. All the other contaminants can be detected early ﬁ;ﬁ

enough to prevent major failure so long as oil samples are taken at :&::

_ regular time intervals. 1In addition to contaminant monitoring, infrared g.?
1 analysis of frequent oil samples can provide useful data concerning :;;*
5 combustion products and oil degradation products. Both of these Ei?:
' products are good indicators of engine and lubricant performance. 1In :3::
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the remaining parts of this section the relationships between the
infrared spectrum and lubricant condition will be discussed.

D. The Infrared Spectrum as an 0il Condition Menitor.
‘1. General Considerations. ' '

Figure 1 shows a comparison between a used and a fresh diesel
0il. The spectrum of the used lubricant (B) has some obvious
differences from fresh oil (A). The main difference is the overall
change in spectral background of the used oil - a significantly lower
transmission plus a slope upwards in the direction of lower wavenumber
(longer wavelength). This effect is characteristic of the
scatter-absorption phenomenon associated with dispersed soot particles.
From the degree of lowering of the overall background it could be
deduced that soot is present but at a relatively low level.

The used sample also has a broad spectral feature between 3600

1

em~ ™ and 3100 em~L which is attributed to a hydroxyl group and is

probably an early indication of water contamination. Two weak spectral

1 are indications of the presence of

features just above 1000 cm™
ethylene glycol. These tend to reinforce the notion of water
contamination from a coolant leak. These deductions are made from
experience and a trained eye. The data as presented are inadequate for
any further interpretation. Also, without the fresh oil it would have
been impossible to make any definitive interpretation. These two
spectra, however, serve to illustrate three salient points that are
important for successful used oil analysis.

First it is important to have a sample of a fresh oil. Ideally,
it should be the same o0il used in the original oil serviced in the
engine. Secondly, it is very difficult to draw meaningful conclusions
about the condition of an oil without previous knowledge of the
performance characteristics of the particular engine or item of
equipment. The comment made about the relative level of carbon loading
was based on general observations, but it may have been misleading for
the equipment involved. This illustrates the need for good

documentation, that is, good maintenance records; and wherever possible,

regular samples to help develop trends of normal performance.
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The third point, which is not immediately obvious yet, but which
is well illustrated by Figure 2, is the use of the computer calculated

g 20 )
L )
. _"

e
i'
-"ll‘

difference spectrum obtained by absorbance subtraction of the used and

. 2

fresh oil spectra. The normal infrared spectrum of the -used oil is

still dominated by the spectral contributions of the base oil. The
application of absorbance subtraction makes it possible to observe the

-
-
3
-
.
o

)
’
(el

net differences between the two oils. The background of the difference
spectrum is offset from zero and shows the slope caused by the dispersed
carbon (soot). This fact is used in the evaluation of soot content
(carbon loading). For the data presented in this report the background
intensities at 3800 cm~T and 1980 em~t
loading. The values quoted are the absorbances at these points

were used as a measure of carbon

multiplied by 100X to normalize the results to absorbance per centimeter
(abs/cm). Note that 0.1 mm pathlength sealed cells were used throughout
to contain the sample during analysis, hence the factor of 100.

Although the background is useful for the determination of the
degree of carbon loading, it can pose serious limitations on the
assessment of the contributions of other features in the spectrum,
especially at high levels of carbon loading. To overcome this effect,
all spectra are background corrected by a second order (quadratic)
function and an offset applied to give a zero absorbance baseline. The
second order correction appears to be adequate for all but the highest
levels of carbon loading, that is those with an‘absorbance/cm greater
than 200 at 3800 em~1 . Spectra from samples with higher soot levels
ideally require third order correction. The background corrected

difference spectrum for the used versus fresh oll shown earlier is given

in Figure 3. This spectrum is now very easy to interpret in terms of

’
., 9.t

contaminants and oil degradation. At first inspection it indicates some

coolant contamination (water and glycol), moderate oxidation, very :?};:

little nitration, and some fuel dilution. The basis for this . ;:

interpretation will be provided with further examples. ;i:?
2. Reference 0Oils. i&?ﬁ‘

Most mineral oils used as base oils for crankcase lubricant AN
3 L
applications have similar infrared spectra. Minor 4ifferences occur as

a result of small compositional changes in the component hydrocarbons,

specifically, the paraffinic, naphthenic and aromatic carbon types. On
the surface there would appear to be 1little difficulty in obtaining an
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adequate reference oil., In the cases where only a rudimentary
evaluation of a used o0il is required, a reference spectrum from an oil
of the same SAE grade is probably adequate. The results for carbon
loading, coolant contamination, and possibly fuel diltuion and oxidation
from an unmatched reference oil are usually quite useable as a guide to
the condition of an oil. Additive variations usually have the greatest
influence on the evaluation of oxidation. A typical example of
reference oil variations is illustrated by Figure U4 where two adjacent
oils in a series are compared. Both samples appear to be close to being
fresh oils but with subtle variations in formulation. From a sampling
point of view, these o0ils were either changed unnecessarily or the
sampling interval was too long. Either way, this illustrates a need for
an improved sampling schedule. The differences between the two oils,
however, are not sufficient to invalidate results and generally
meaningful data for o0il condition can still be extracted with this
degree of mismatch. It should be noted that most modern oil
formulations do not use methacrylates as viscosity index (VI) improvers
and, therefore, interferences from additives in the carbonyl oxidation
region are not as severe as originally experienced. Methacrylates are
still used as pour point depressants but at a much lower dosage than
when used as viscosity modifiers. The only other common carbonyl
containing additives are the dispersants.

The ideal situation for sampling would call for two samples to
be taken at the time of an o0il change or at the time of a top-off. One
sample would be the latest fresh o0il and the other the used oil just
prior to the change or the top-off. This would provide a means for

handling reference oils even if different suppliers were involved. Most
of the oils encountered in this study were similar to A or B in Figure
4, A third type of reference oil that was occasionally used is shown in
Figure 5. The main additive components are similar to those used in oil -
A, Figure 4. The main differences are in the higher aromatic content of £
the oil. This did cause an occasional problem with the evaluation cf

fuel dilution in cases where the change to this reference o0il was not
detected. -
3. The Determination of Contaminants. ;'

a. Total solids - carbon loading I/II (CL1/CL2). This ’{I
particular example is intended to indicate the quantitative estimation :
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£ . . .l e
IO SIS PN A

—
o
.
.
4

.
.
BN

% e s



=
=
D
-—
1
=
[ S ]
=
=
=
-—
=
=
u™>
—

) 0 | 007 00SL 9 BASE  60G
w”. ﬁ 1 09°0=NIN
[ i
f }
,m g
g 1757 AG 135440 HIWLD3dS -

: (S¥H §) HOHD : 4 ]
(SUH 7) HuHD & ¥

] !

r _ 9
4

2 y
¢ q

i J
: Q31WIIQNT SNOTLYINWAOA LN3¥34410 - SII¥3S ¥ NI ST10 LNIIWLQY Onl L 80°901=XWH
. Y 24N914




0007

0057

005E

oot

(B Y1730 & 0689Y) - P'ON IINIY343¥ 10 HS3HS

S JENOIA

1 88°0=NIW

1 80°06T=XtN




~~~~~~~~~~
------
--------

o R Tt T S S B Itk GRS Sich srad o 3 o, -y
e T e R e o

of dispersed solid material, primarily soot. Figure 6 is the
uncorrected difference spectrum from a used oil containing approximately
5% pentane insolubles referenced against a fresh oil. The points used
to estimate carbon loading, CL1 and CL2, are indicated on the spectrum.
The values calculated for these points are 33.95 absorbance/cm (CL1) and
19,50 absorbance/cm (CL2). The numbers quoted have no absolute value
but they can be used to indicate relative changes in carbon loading for
a given engine type. As indicated earlier, the numbers obtained for an
isolated sample have limited use unless the characteristics of the
equipment are known. This point will be addressed in more detail later
in this section.

b. Coolant contamination. In the overlayed spectra of Figure
7, the occurrence of coolant contamination is very obvious. The
absorptions marked with an asterisk (*) are characteristic of ethylene
glycol. They are also well defined in the difference spectrum, Figure
8. The regions marked W1, W2, and W3 indicate where water absorptions
oceur. W1 overlaps with a major absorption of ethylene glycol.

The two bands marked at 1087 em~1 and 1043 em~l are chosen
for the estimation of glycol concentration. The observed positions and
intensities of these two bands vary depending on the amount of water
present and on the duration of the contamination. If ethylene glycol is
present and undetected in an engine for a long period, it does
oxidatively degrade to a variety of compounds including aldehydes,
ethers, and condensation compounds. In extreme cases it will polymerize
to form a gel. Therefore, other absorptions can be anticipated in
addition or in place of the normal bands assigned to ethylene glycol if
long term contamination is suspected. 1In the particular example shown,
intensities of 46.58 absorbance/cm and 41.77 absorbance/cm were obtained
for the 1087 cm~! and 1043 cm-1 bands respectively. These values
indicate that the oil is heavily contaminated and must be changed
immediately. Maintenance to locate and stop the coolant leak is also
indicated. As a general rule, any measurable amount of ethylene glycol
is considered to be undesirable, and its presence should be diagnostic
of a current or potential coolant leak.

A high value of 23623 was obtained for the integrated
absorbance of the spectrum between 3600 em~1 and 3150 em=1 . Values of
this magnitude are consistent with high levels of coolant or water

13
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contamination. Integrated absorbance is used for this evaluation
because it provides a good dynamic range and sensitivity for the
measurement. It is also relatively insensitive to the changes in peak
position that frequently occur fo:r this absorption. Typical values
range from -1000 to 3000 absorbance/em? for an engine that is operating
normally. Negative values are attributed to the consumption of
hydroxide overbasing from the additive package by acidic combustion
products. Small positive values, up to 3000 absorbance/cm, can result
from condensation or the build-up of certain oxidation products.
Condensation usually only appears as a transient component and its
presence is dependent on vehicle garaging, operating conditions,
humidity and ambient temperatures after engine shutdown. Therefore, if
thig value fluctuates it is probable that condensation is occurring.

¢. Gross water contamination. The lubricants in equipment used
in an aquatic environment or engines that are regularly cleaned by high
pressure water hoses can exhibit gross water contamination of the
lubricant. This generally only occurs when external seals fail or water
enters through or around the oil filler cap. A typical example of gross
contamination is seer in Figure 9%. Gross contamination by water is
obvious. This example does, however, indicate a potential problem that
has to be factored into the evaluation logic. The overall water
absorption is so strong that it has an influence on the background
intensities used for carbon loading evaluation, CL1 and CL2. The
detection of high levels of water is sufficient to provide a warning for
possible errors in the soot measurements. If high levels of soot and
water contamination occur, it is also impossible to accurately apply the
background correction. This is usually not a problem because
contamination of this magnitude indicates that there is probably a
severe problem with the oil and the equipment.

In samples with high water concentration, absorptions other

than the main hydroxyl band may be used to determine water
concentration. These are indicated with the difference spectrum

presented in Figure 10%*., The bands at 1640 erl and 770 el can be

%Courtesy of Perkin-Elmer Corporation
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FIGURE 10

GRO3S NATER CONTAMINATION
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used if other contaminants are absent. Oxidation, nitration, and fuel

dilution interfere at 1640 em™Tt

770 en~t.

d. Fue /ontamination. The difference spectrum shown in Figure

and fuel dilution interferes at

TN R T T T Y wT

11* was produced irom an oil estimated to contain 5% unburnt fuel.
Gasoline is relatively easy to detect in used oils either as raw,
unburnt fuel or as non-volatile residues. This is due to the high
aromatic content of gasoline. It is difficult, however, to give an
accurate estimate of total fuel contamination. Standards prepared from
fresh fuel only provide an approximate result because it is impossible
to determine the total loss of fuel volatiles from the sample.

Diesel fuel dilution is more difficult to determine because
it contains fewer aromatics and has a closer resemblance to the base oil
than gasoline. This does not preclude the analysis, but it does reduce
the sensitivity of the measurement. The measurement of diesel fuel is
considered in more detail below.

4, Diesel Fuel Contamination.

The spectrum of diesel fuel closely resembles that of a
hydrocarbon base oil but with a higher proportion of aromatic hydro-
carbons. Figure 12 illustrates an example of high fuel dilution
experienced with the LDS 465 engine in this study. The two spectra are
from a fresh oil and a used sample containing approximately 205 fuel.
This is clearly gross contamination and the presence of the fuel is
shown by differences between the spectra. The contaminant is again more
readily observed in the difference spectrum. If samples are taken
frequently, then levels as low as 2-4% can be detected and the

occurrence of fuel dilution can be confirmed by monitoring of the y
build-up. This point is demonstrated by Figure 13 where a series is :,{Q.
studied from an early sample with only 3% fuel dilution (approximately) jf}fJ

7.5% drop in viscosity) to a sample exhibiting 30% fuel dilution (63% ’ —l
drop in viscosity). A build-up in four main regions of the spectrum, ﬁu”:i
FD1 (3050 em=1), FD2 (1610 em~1), FDI3 (905-685 em~1), and FDY e
(473 em-1) is consistent for the samples in the series. These fi}T&

b
®*Courtesy of Perkin-Elmer Corporation ;:;ZE
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correspond to aromatic components. The small peak at FDU is interesting
because it is usually only observed to this degree in raw fuel. This
fact is supported by the spectra shown in Figure 14%* which were obtained
from a fresh fuel and a fuel stripped of its volitile components. The
presence of a peak at FDUY indicates that the contamination is from raw
fuel introduced into the engine from the internal fuel lines rather than
fuel introduced as unburnt fuel from the combustion chamber. Figures
15% and 16%* are difference spectra generated by the subtraction of a
clean lubricant from 5% fuel contaminated oil standards. The standards
were produced from raw fuel (Figure 15) and evaporated fuel (Figure 16).
Both spectra indicate that with a well matched reference oil it is easy
to detect fuel at the 5% level. A further fact illustrated by these
samples is that in the analytical measurement the contaminating fuel
displaces a proportional amount of the lubricant. This results in
negative regions of the spectrum. The displacement effect explains some
incidences of negative values for the carbonyl region and the region

-1 and 10 cm~l. Other contaminants when present at high

between 1300 cm
concentrations, 5% or above, also analytically displace regions of the
reference o0il spectrum with the net effect of producing negative
results. These negative values occur frequently in the data collected
for this study.

5. Oxidative Degradation.

At elevated temperatures and in the presence of an oxidizing
atmosﬁhere and certain catalysts, an oil will undergo oxidative

degradation. This is minimized in formulated lubricants by ;ﬂ'EE
antioxidants. Once these are used, the oil will rapidly degenerate and
lead to an uncontrolled oxidative breakdown. The effects of oxidation
can be observed in many regions of the spectrum. The greatest effects

are observed in many regions of the spectrum. The greatest effects are 5;:5
observed in the carbonyl region, 1900-1500 em~L. Figure 17%* shows a L
typical profile obtained in the carbonyl region for an oil that is

experiencing uncontrolled (uninhibited) oxidation. It is important to

try to obtain information about the onset of this uncontrolled oxidative

®Courtesy of Perkin-Elmer Corporation _fﬂl
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breakdown. If at any time this situation is detected, then it is
important to change t*.: oil. Under normal operating conditions a steady
increase in oxidation products at a nearly constant rate is expected.
Once the o0il starts to deteriorate, a rapid change in the rate of
oxidation is observed. This is well illustrated by the series of
difference spectra in Figures 18 and 19 which show normal and failing
behavior for two oils from the ASTM IIID, oxidative engine test. A very
steady increase in oxidation is observed for the passing, normal oil.
The other o0il shows signs of failure by changes in the increased rate of
deterioration by the fourth sample, barely halfway through the test.
When seen in a graphical representation, the rates of change become more
obvious. The three rates displayed in Figure 20 were obtained by
integration of the carbonyl region for two failing and one passing oil.
It must be noted that in practice an 0il very seldom fails by oxidative
breakdown. If the condition is detected then the oil must be withdrawn
as soon as possible, otherwise there is a high risk of wear failure in
the engine.

6. Nitro-oxidation of an oil.

As indicated earlier, some of the products of combustion are
nitrogen oxides (NOx). American engines produce relatively high levels
of NOx because of emission control requirements and this is an important
factor in oil degradation, especially with gasoline or LPG fueled
engines. The material is a powerful oxidant and can produce both
nitrate esters and nitro compounds by interaction with the oil and
unburnt fuel. The formation of some of these compounds has been
correlated to the generation of undesirable sludges and varnishes. A
standard test that is used for screening automotive lubricants is the
ASTM VD sequence test. This subjects an oil to typical stop-start
motoring conditions which are ideal for the formation of the nitrated
species and the generation of sludges. The difference spectra obtained
for scheduled samples from this test serve as a useful example for

indicating the presence of nitrated compounds in a used oil. Figure 21%

#Courtesy of Perkin-Elmer Corporation
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shows the progression of difference spectra with a general net increase
in overall band intensities caused by the formation of o0il degradation
products. In these data, the bands at 1630 em~! (5) and 1553 em~1 (7)
indicate the formation of nitroesters and nitro compounds respectively.
The intensities of these absorptions are on the high side of normal for
a modern, high performance gasoline engine equipped with positive
crankcase ventilation. LPG propelled vehicles generally show higher
levels of nitration because there is a higher air to fuel ratio in these
engines. ‘

It is unusual to see excessively large nitration in most heavy

diesel engines. There are some exceptions as indicated by Figure 22%
which shows a high level of nitrate ester (1) in the used oil. Note
i that the upper spectrum is a background corrected version of the
ﬁ; oriéinal, lower spectrum. If abnormally high levels of nitro-oxidation
o are observed in a diesel oil then bad engine tuning is suspected. This
condition should be rectified if detected, otherwise it can lead to
excessive sludging and/or lacquer formation. Either of these situations
Ei can result in mechanical failure.

7. Soot Formation.

- The soot contamination effect that is measured in this study is
the result of a combination of light absorption and light scattering.

S The main absorption of carbon is really in the visible region of the

spectrum, but the envelope is broad and its wings extend into the
infrared spectrum. This accounts for the general lowering of the back-
ground of the spectrum. The scattering of the soot particles contri- i;f;
butes to this lowering but alsc accounts for the slope that is observed. ;{g:
The magnitude of the slope is related to the particle size. As -
a rule, the larger the particles, the greater the scattering and hence
the greater the slope. This effect 1s demonstrated in Figure 23% by
three spectra of oils containing dispersed carbon of different average
particle sizes. The slope is appreciated in the difference spectra -
generated by subtraction of the clean oil, Figure 24*, The results }:}f
shown 1illustrate an important feature of the analysis. A qualitative e

measure of the carbon has to assume that the average particle size thj
o~ ol
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remains nearly constant. Any change in size caused by filter or
additive failure obviously could have a significant effect on the
measured values.

In a well-tuned diesel engine, it is normal to observe a gradual
increase in carbon loading with increase in useage (hours). A typical
example is provided by Figure 25 where a general decrease in
transmission follows a corresponding increase in hours. Any major
deviations from this rate of change can be an indication of a change in
engine performance. Figure 26 shows data from the same engine but with
a different oil change. The early samples in the series show a normal
trend. The 18 hour sample shows a sudden drop in transmission that
continues downward with the 51/52 hour samples. This is a clear
indication of change in performance and in this example was probably
caused by failure of the fuel injection system or over-choking caused by
a blocked air filter. The whole story is well illustrated by a trend
chart of the CL2 values (taken at 1990 em=L for this example) for the
combination of the sample series, Figure 27.

8. Sulfate Formation.

The existence of sulfur compounds in fuels is of major concern

for engine manufacturers and lubrication engineers. The main problem
occurs with the combustion process where sulfur compounds are converted
into sulfur dioxide and trioxide. These combine with water vapor, also
formed in the combustion, to produce sulfuric acid. If unchecked this
would produce a major corrosion problem in the engine. Crankcasé
lubricants are formulated with a base reserve to neutralize any of the
corrosive acids formed by combustion. Typically, these are the
hydroxide or carbonate overbased detergent additives. A normal sulfur
level for diesel fuel is 0.4%-0.5%. Certain geographical regions of
the world, such as South America, can have sulfur levels as high as
2.0%.

As part of an oil monitoring program, it is important to
consider monitoring the rate of consumption of the overbased additives
and/or the rate of formation of sulfate neutralization products. This
is especially important if a high sulfur fuel is to be used. The effect
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of sulfation on an average HD diesel oil (TBN=7) is shown in Figures 28%
and 29%, The asterisks in Figure 28 are intended to indicate possible

sulfate peaks in the used oil. The difference spectrum, Figure 29,
helps to demonstrate the consumption of overbased'material and the
formation of metal sulfates. This particular example was generated from
a marine diesel engine operating with a fuel containing nominal 2%

sul fur.

E. Summary.

This section has covered the major areas of used oil analysis that
can be monitored by infrared spectroscopy. Based on the factors
discussed for condition monitoring, it has been possible to devise a
methodoiogy for the general evaluation of the infrared spectrum. This
methodology involves the measurement of integrated areas and key
absorptions in different regions of the spectrum. It is this basic
methodology that was adopted for the work program outlined in this
report, and it is disucssed in detail in the next section.

%Courtesy of Perkin-Elmer Corporation j
1




Ty
™) b

P ———
PR i S i IR\

0900 6L

000¢E

6ast  aaep

[~ =]

SYNOH €14 - 10 Q38N
110 HS344

-
x<

(AN4NS HOIH SNIVINOD 13Nd)

SONYE 3164705 WNIJTHI %

(= N31 7/ @€ WS ¢ 13531Q INTAWN

8¢ TANIOIA

1 00°0=NIH

1 80°001=XWN




Big] 0oz 0% 000¢ BOSE 006
“ﬁw m m Y 9821 "B-=NIN
] I =
| |
|
|
o =
I
|
v ? |
g 0 ?
S g
_a
K
I B |
790 ¥
! -
40z - 1212 Fi
35484300 ILYNOGIY) - £90/790 -
35994340 3QIX0¥AH - 190 “m -
: $507 3A1LI0QY |0
15 .
|
SONYE 3164705 HNIITY) # “m_
| -
| |

1304 ANANS HOTH &+ LNWITHANT 13531 NTYWH

6¢ d¥NOI14A

¥ 8087 "0=XtN

3=’y
POl |

..‘-. .h. .. % Y .
BTN SRS
aDa R e g™, P =0,

OO
OO
ata > o

»
L)

“® e w
Ly Wl A
aladad

e ko aca

o

oo AA

S )
P e Wiy P Iy

D% -.‘ ..' l.' e
r;’&'..l:fL"l " ..“ ‘4‘.'4

LT

J

»

7 o S5
alem a4 o

R
o

et o
. e

=



i i

i S S e i o e e e i ok T il o
. e - e SRR P S




SECTION III
PROCEDURES

A. Infrared Analysis Technique.

1. Instrument.

The infrared spectrophotometer used in this study has its own
local microprocessor which carries out the functional control for
operation of the instrument. It also provides an intelligent inter-
face for communication with an external computer. The data system
has the necessary software for external control of the instrument, data
acquisition, and full data processing. Magnetic hard and/or soft disk
storage is used for bulk storage of data and programs. Using a
computer-based method, a differential infrared experiment can be
produced efficiently at any time independently of the infrared
instrument. The spectra of the fresh oil reference and the used oil
sample are obtained independently; however, in the same sealed cell.
Both spectra are recorded into the computer then compared by a program
specifically written for producing differential data. The methodology
operates by converting both spectra into absorbance format and then
carrying out a subtraction. The result, the differential spectrum, is
stored in the computer in absorbance format. It is available for
further calculation and, if required, archival storge on floppy disk.

Two types of sealed cells were used for the experiments in this
study: potassium bromode (KBr) for samples with zero or low water
content and barium fluoride (BaFp) in cases of known coolant and/or
water contamination. A pathlength of 0.1 mm (100 microns) was used
throughout, The use of the same cell for both sample and reference is
important for a number of reasons. Obviously, it eliminates the need
for matched cells, which can be expensive, especially in the case of
barium fluoride. Also matched cells invariably do not exactly match
even with the best manufacturing processes. Any cell imperfections that
could result in photometric errors tend to be compensated by the use of
the same cell. The software does allow for variations in sample thick-
ness or pathlength in the difference calculation; and, therefore, in
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principle a demountable cell could be used. The only occasion where a
demountable cell may need to be used is when the sample is too viscous
to be transferred into a standard fixed pathlength cell. In such cases,
if no problems are experienced with the fresh oil, then it is likely
that the sample is badly degraded or heavily contaminated. Therefore,
any errors attributed to the use of the demountable cell are masked by
the gross problems of the sample or the engine involved.

2. Selection of Peaks and Regions.

Selection of appropriate peaks and regions from the infrared
spectra to be monitored was a primary, though implied, objective of this
study. Generally speaking the regions and peaks of the infrared
spectrum of hydrocarbon oils are well defined. It has been obvious from
previous studies 6f oil condition that the degradation process varies as
a function of oil formulation, engine type, operating conditions, and
the frequency of top-off. Any successful monitoring program and this
infrared methodology must account for continuous chemical changes in the

Lo s oo o o) g

oil. Accordingly, selection of the exact regions and areas to be
monitored during this study was an iterative process, very much
dependent upon judgement.

Table 1 depicts the regions and peaks used during the final data
reduction stage of the study for the LDS-465 engine and Figure 30 shows
these regions and peaks on an infrared spectrum. In fact, these regions
and peaks are different from those used earlier in the study when
references A-1 and A-2 were written, and they include the supplemental
p variables for the LDS-465 engine -- Det IS5, SO4, and FD4 -- not utilized
in the analysis of the other engines in this study. These supplemental
variables were added late in the study to account for the acidic/ketonic
oxidation, sulfation, and fuel dilution that were unique to the LDS-U465
engine. The earlier peaks and regions reflect an attempt to tailor the

weoLwY

data collection to narrow regions and several specific peaks we could

observe in the sequential spectra of a specific type of engine.

However, as the study matured, we broadened the integrated areas in
order to include all type oils and engines in a single methodology.
Therefore, Table 1 reflects more a universal approach that applies to
the infrared spectra of all hydrocarbon oils and engines than a highly
specific approach that might be tailored to a precise oil formulation or

specific engine type. Thus, the methodology collects some data that may

..........................................
o af E R



v v A SRR A B Bt Beod une o Mok s acesict | ”, - 5 i r
% b o g i B o R SRR Tt e et S i i e e e e e e T e e i o e Ui B o e e e aea e e D

TABLE 1

PEAKS AND REGIONS OF THE INFRARES SPECTRA

cL2 Carbon Loading 1980 cm™t
Det I1 Hydroxyl 3600-3150 em™t
(moisture and/or organic acids)
] Det I2 Oxidation  1810-1714 em~t -
. (organic carbonyl compounds) (1810-1660 cm™)
5 Det I3 Nitration/Carboxylatesb 1650-1538 em™L
h 3 (1650-1535 cm~1)2
X Det Ik Sulfation/Oxidation/Glycol 1300-1000 em~t
5 Det IS5 Oxidation
%; (mainly carboxylic acids and ketones) 1725-1670 cm~1 &
FD1 Aromatic Fuel 3040 em™t L
(3050 em™")?
L FD2 Aromatic Fuel . 1595 cm~1 1 =
g (1610 em™)
F FDI3 Aromatic Fuel 905-685 cm™t
FDb Aromatic Fuel ' 473 em™t @
. ZNL Additive, Zinc Peak 670 cm™t
Coolant Leak Glycol Peak® 1079.8 cm™t
Coolant Leak Glycol Peak® 1032.8 cn™t
sok Sulfates 608 m o o

a Modification or supplementary variables for the LD/LDS/LDT 465
Engines only

b No attempt was made to discriminate between organic nitrates (NOx)
and carboxylates in this work. The predominant species detected
will be indicated in the discussion provided for each engine.
(Different types of engines do form NOx at different rates and
therefore it may be possible to determine a characteristic "norm"
for a given engine type. The NOx level and hence the potential
level of organic NOx is strongly dependent of the air/fuel rates
for any given engine. If an engine is running lean, a higher level o3
of NOx is usually encountered.) e ©

¢ Highlighted when observed in samples
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be superfluous for any specific oil formulation and engine but does
collect sufficient data to profile oil degradation for most hydro-
carbon oils and engines. Computer software prepared by Mr. Coates
automatically calculates the area under the differential spectra
for the regions of interest and measures the height of peaks of interest
to obtain the necessary quantitative data.

3. Monitoring Program.

The approach described above formed the basis for our analyses
of lubricants in service. To be successful, the methodology requires a
sample of fresh oil. In any continuous service monitoring, it is
necessary to have well-defined sampling intervals and to form a
documented series of samples. This procedure enables a trend to be
monitored that provides the most sensitive measure of oil and engine
performance. When dealing with large scale fleet operations and field
engines, these requirements present certain problems. The most diffi-
cult problem we had to accommodate was unannounced mixing of oil formu-
lations and complete o0il changes to different formulations. This
circumstance is not uncommon in military operating conditions, and it
adversely effects the reference o0il data used in the differential
calculations. We capitalized on the fact that fresher oils tend to
contain less carbon to solve this problem, and incorporated a check
routine into the software that compared carbon loading values of

reference and test samples. Whenever a test sample contained less or

nearly equal carbon relative to a reference sample, and the key regions X
of interest produced negative calculations, a flag was initiated. fy\?
Judgement then was exercised to decide whether to accept the data as fT”:
calculated or to select a new reference sample and recalculate. As a “;fﬁ
practical matter, whenever a new reference was required, the first . {w[é
sample in the series of samples causing the flag was selected as a new :
reference,
Another problem was encountered when grossly contaminated

samples were analyzed. When military field engines were monitored,

water and carbon contamination are occassionally so gross that the ?‘.

infrared radiation is absorbed by these constituents. Normally, a B
carbon loading correction is applied to the data to accommodate non- S
critical carbon build up and to isolate carbon effects from the other

variables monitored. However, when carbon content exceeded "5’i




120 absorbance/cm, a gross level of carbon loading, the methodology
switched to measurement of carbon loading only, and no other values were
recorded.

A related, though somewhat different problem exists for high
water contamination. Like carbon, water is a very strong absorber and
can absorb all or most of the infrared energy in the hydroxyl band and
thereby adversely effect the carbon loading measurement. This causes an
incorrect carbon loading correction factor. However, the methodology
will still produce values for the other variables because of the o
differential calculations. Accordingly when the hydroxyl values exceed
7500 integrated absorbance/cm relative to the reference sample, a flag
is initiated whieh warns that all other variables may be meaningless.

In this study we recorded only the Det I1, CL2 and the physical test
data when a high water flag was observed.

As a practical matter the appearance of these flags and the
subsequent loss of data should not adversely affect a routine monitoring
program because they are only activated when the contamination becomes
so gross that the infrared spectra are no longer useable as a diagnostie
monitoring tool. Certainly engines with this level of contamination
require immediate corrective action regardless of other indications of
degradation in the spectra. Nonetheless, for this study, we desired to
collect as much data from degraded oil samples as possible in order to
develop statistically significant evaluation guidelines.

4, Analysis of 0il Samples.
We obtained ¢il samples from US military operating activities,

and from independent test stands and laboratory experiments as shown in s
Table 2. Using the technique described above, we conducted differential
infrared analyses of these samples. Table 1 shows regions and peaks of

the infrared spectra selected to be monitored during this study.

g

Figure 30 graphically deplets a typiecal infrared spectra and the regions - F )
and peaks of interest. ?jj.l
In order to relate infrared data to standards more or less '?;§j
recognizable to the oil analysis community, certain traditional i:-'%

properties of o0il condition were measured for each sample. These are

outlined in Table 3. Additionally iroen wear metal was measured spectro-
metrically for each sample. These tests in Table 3, excepting COBRA
measurements, are commonly performed by many laboratories in the Joint
041 Analysis Program (JOAP).
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TABLE 2

INFRARED STUDY DATA EVALUATED

NO. OF END ENGINE NO. OF

BASE END ITEM ITEMS TYPE SAMPLES
Ft. Carson M-35 Truck 15 LDS-kL65 215
M-920 Tractor 17 NTC-L0O 153
M-113 APC 15 6VS53T 134
M-109 SP HOW 15 8V71lT 7T
M-60 Tank 17 AVDS-1790 129
Peterson AFB Flightline Trucks 6 Ford 300 61
(Propane)
(Ford, GM, 3 Ford 360 28
Dodge) 2 GM 350 Chev 18
2 Dodge 225 Ty
AFLRL/SWRI® Diesel Test Stand, 4 6V-53T 46
Endurance Test 1 LDT-L6S 1L
SWRIb Gasoline Test Stand 6 GM 350 60
Engines, IIID 0lds V8
TOTAL 1,052

a US Army Fuels and Lubricants Research Laboratory at Southwest
Research Institute
b Engine Fuels and Lubricants Division at Southwest Research Institute

3
-

PR §
oo Y
ey e I
P AW O

.- ,..
SO0 i - LAl
i o
[ )
J"
Py 3V )

N )
2 ol ot etiellaY
J%% B e

o020 8500

LAy L)

IPLEP Y

................ TR merTe T e Se s el geice s
Cr ey RS QeI O 08 L)




13 T g 2 "™ . v . e - . q .
R b o B S o e i

TABLE 3

TRADITIONAL JOAP PHYSICAL PROPERTY TESTS

1. Total Acid Number (TAN)
- ASTM Method D66L
- Milligram KOH to neutralize all acidic materials in 1.0 gram of sample
2. Total Solids (TS)
- Modified ASTM Method D893 c
- Percent Solid Contamination
3. Viscosity (JOAP) (VIS)
- Direct Reading Nametre Viscometer
- Centipoise Grams/cm3 gt T5.5 £ .5°F
L. Crackle for Water Contamination (JOAP)
- Limit exceeded/not exceeded
5. Diesel Fuel Dilution
- Gas Chromatograph (GC)
- Percent fuel contaminant
6. Complete 0il Breakdown Rate Analyzer (COBRA)
- COBRA units (dimensionless)

7. Wear Metal (Fe)




The crackle test was used as a screening test for water to
determine which cell to use for a given sample: BaF2 for water
contaminated samples and KBr for water-free samples. das chromato-
graph tests for fuel dilution were conducted for only those samples with
viscosity measurements below 150 centipoise grams/cm3. COBRA measure-
ments were included solely because of JOAP interest in the COBRA and a
JOAP desire to correlate COBRA measurements with other physical property
tests.

B. Data Reduction.
Both the infrared derived data and the physical property data

collected from each oil sample were subjected to extensive data
analysis. For this study, degradation characteristies were assumed to
be dependent on engine type. Accordingly data from a single engine type
were grouped and analyzed independently. That is, all LDS-465 engines
from the M35 truck were grouped and analyzed independently of other
data. In some instances data from both field engines and bench test
engines of a single engine type were available. In this case data from
each source were analyzed f¢:st independently and then compared.

Simple coefficients of correlation between all possible pariwise
combinations of all data variables were calculated for each engine type.
These calculations were displayed as correlation matrices in the
appendices and are arranged in decreasing value. Correlations of 0.5 or
higher between physical property variables and infrared variables were
of interest and Judgéd to support our basie hypothesis that the infrared
spectra contains information that will characterize degradation of
in-service crankcase oils.

Additionally stepwise, multiple linear regression technigues
were used to relate multiple variables in the infrared spectra to

selected physical properties. These physical properties were viscosity

(VIS), total solids (TS), total acid number (TAN), and, for selected
engines, gas chromatograph percent fuel dilution (GC). The stepwise
procedure was based on maximizing the coefficient of multiple y
determination (R?) for candidate models. An RZ of .75 or higher was siad
considered significant. Initially, we had hoped to design regression T
models that would accurately predict these physical properties. Our 5&53
intent was to use evaluation criteria existing for the physical ﬁj:i;
properties with these models to judge o0il condition. This goal was 'iﬁ7i
T
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pursued in reference A-2. As demonstrated in reference A-2, somne
physical properties could be accurately predicted from the infrared
spectra. However, these properties are different for different

engines, and the models tend to be very complex. Furthermore the
chemical changes recorded in the infrared spectra may be a more generic
indication of 0il degradation than the traditionally measured physical
properties. Accordingly we opted to develop evaluation criteria by
engine type for each of the critical infrared variables independently of
the physical properties. Consequently, the goal of developing -
predictive models for physical properties was abandoned. The regression
analysis was retained, however, to identify highly significant
variables, compute multiple correlation, and support our basic
hypothesis concerning the relationship of infrared data to oil
condition. In all cases, the physical property of interest was assumed
to be the dependent variable and independent variables were assumed to
be the first order, first order interactions, and second order terms
derived from the infrared spectra. Stepwise development of these models
are shown in the appendices. Best models were judged by maximizing R
and minimizing mean square error. These models were all developed early
in the study and are based on a slightly different data collection
methodology than that outlined in Table 1.

Finally univariate statistics consisting of basic moments, stem
leaf plots (an approximation of the data frequency distribution), normal
probability plots, and frequency tables were developed for each variable
for each engine type. These statistics were used to estimate tentative
evaluation guidelines for significant variables by engine type.
Generally the 95th percentile of the distribution of a given variable
was considered to be the limit of normal occurrences, and occurrences
above this point were considered abnormal. However, this judgement
varied depending upon the shape of the distribution, skewness, length of

tails, and secondary modes.




SECTION IV
RESULTS

A. Continental LD/LDS/LDT 465 Engine.

1. Background.
The LD/LDS/LDT 465 engine is a six cylinder, multi-fuel engine

manufactured by Teledyne Continental Motors and used extensively by the
Army in 2 1/2 and 5 ton cargo and special purpose trucks. It is
normally fueled with diesel fuel. Historically, the LD-465 engine
family has increased the viscosity of some lubricants and produced high
blow-by which stresses the lubricant additive package. The TSC
collected 215 samples from 15 engines over the course of this study.
These engines were mounted in M35 trucks and operated under normal-use
conditions by the Uth Supply and Transport Battalion, 4th Infantry
Division, Ft. Carson, CO. The engines monitored did exhibit significant
oll degradation and we added the supplemental infrared variables Det IS5,
S04, and FD4 shown in Figure 1 to the data collected for this engine in
an attempt to account for all the degradation effects that were
occurring. These varliables were not included for the other engines
analyzed in this study. Additionally, the TSC collected samples from
one LDT-U465 engine used in a 210-hour endurance test conducted by the
Army Fuels and Lubricants Research Laboratory at Southwest Research
Institute (SWRI), San Antonio, TX., Fourteen samples were collected from
this engine. Viscosity measurements were not performed on these bench
test samples because we were unable to obtain sufficient sample volume
for the Nametre viscometer. Data for the LDS field engines from
Ft. Carson are in Apprendix B, Table B-1, and data for the LDT test
engine from SWRI are in Appendix C, Table C-1.

2. Significant Correlation.

Coefficients for correlation were computed between all possible

variable pairs for the combined Ft. Carson data and separately for the
single engine tested at SWRI. The correlation matrices are also
included in the appendices in Tables B-2 and C-2. Correlations between

infrared variables and physical property variables greater than or equal
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to 0.5 for both the field data and the 210-hour endurance test are shown
in Table 4. These simple correlations are typically very high for the
test engine because the endurance test severly stresses the oil creating
measureable variation in the variables and because only a single engine
in a time sequence is involved. Note that gas chromatograph and
viscosity measures were not made on the test engine samples. The weaker
correlations among the field data occur because data from many engines
are combined and several interacting and possibly counteracting effects
confound the data. Between the test and field engines each of the
infrared variables except FDI3 is significantly correlated with at least
one of the physical properties.

3. Regression Analysis.

Stepwise regression was used to design predictive models for
viscosity, total acid number, total solids and percent fuel by gas
chromatograph from field data. These models, except the model for
percent fuel dilution, are discussed in detail in reference A-2. The

stepwise development of all models are included in Appendix B. The best

model for viscosity is in Table B-~3. It has an R2 of .66 and the
following 7 independent variables:
(Det 12)° FD1 FD1 x Det I3
Det I3 (FD1)2
Det I FD1 x Det IA
The best model for total acid number is in Table B-4. It has an R2 of
.76 and the following 7 independent variables:
(Det 13)2 Det I4 x FD2 Det I3
FD1 Det I4 x FD3 N
(FD3) 2 Det I4 x Det I3 B
The best model for total solids is in Table B-5. It has an RZ of .86 ’ E-r'i
and the following 7 independent variables: - {H
cL2 FD2 FD3 ©
(Det 13)2 CL1 x Det Ii 3
Det I4 CL1 x Det I3 3
The best model for fuel dilution is in Table B-6. It has an R2of .77
and the following 10 independent variables: o
FDI3 (FDY4) 2 FDI3 x FDY ZN1 x SOY <
ZN1 (zN1) 2 FDI3 x ZN1
(FDI3)2  (soy)?2 FDI3 x SOY R
e
4 56 -]
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This model will be discussed further in paragraph 4 below.
The best models for total acid number, total solids, and percent

fuel all had an R2 value above .75, and we considered them to be ; li
significant in this study. The models are complex involving second E\f:?'
order effects and first order interactions and do not account for all flﬁl
variation in the data. However, the total solids model is exceptionally g 'f
good and as seen in Table B-5, certainly predicts solid contamination TN Zj
for this engine within the tolerances necessary for an oil monitoring '_ f
program. The model for viscosity is somewhat less efficient than the - r >

g ~4

others (R2=.66); however, even this model has a multiple correlation of
.81 and shows the strong relationship between viscosity and the infrared
spectra. Our inability to design a better model for viscosity was most
likely due to our lack of control in this experiment. 0il make-up and
0il changes were not documented with fresh oil samples, and this
affected the accuracy of the reference oil in the infrared differential
experiment. Predictions from the best total acid number and percent
fuel models are also in Appendix B and they show generally good results.
4, Fuel Dilution.
This engine has a characteristic fuel dilution problem that is

caused by cross-over fuel lines that are routed through the engine :j:ﬁﬁ
lubricant. Accordingly, gas chromatograph (GC) analysis was performed ;;ﬂ;

to determine fuel dilution of 93 samples with viscosity values below 150
centipoise grams/cm3. The variables FD1, FD2, FDI3, and FD4 were
included in this methodology to monitor this fuel dilution charac-

teristic. Unfortunately, none of these variables individually were .":“w
highly correlated with percent fuel. Accordingly we sought optimal N
linear combination of these variables to account for the fuel dilution. .:)ij
As described earlier, stepwise regression analysis was used to design : s
the best model using the complete data set to predict fuel dilution for :i ii
this engine. This model included terms with ZN1 and SO4. This best R

fuel dilution model is used to predict fuel dilution for every

observation in this data set and the results are in Table B-6. For

those observations that included a gas chromatograph analysis of fuel :;':'
dilution, the difference between observed and predicted values is also
included. Finally, 90% confidence limits for the individual predictions
are listed. Although this model does not account for all or nearly all
of the variation in fuel dilution in this data set, the predictions are

.
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sufficiently good to make oil monitoring decisions, and they support our
basic hypothesis that fuel dilution may be measured from the infrared -

spectra.

5. Representative Engine. ,x::
A single engine from the field engines was selected to highlight
the change in infrared data over sequential samples. Data from this

engine are shown in Table 5. Spectra in Figures 31 and 32 are plotted .
for samples CDO7A through CD12A. These samples are sequential without :;f
0il change and range from 2 through 51 hours on the oil. Figure 31 A
shows the sequence of simple infrared transmittance spectra. Note the
spectra changes slowly but progressively through sample CD10A, changes
noticeably for CD11A, and changes drastically for CD12A. This

phenomenon is typical for these field engines and is indicative of pro- e
gressive build up of carbon in the oil sample. In fact carbon is so
extensive in oil sample CD13A and so little infrared radiation is trans-
mitted that the methodology is unable to accurately measure the
remaining infrared variables (see Table 5). Figure 32 shows the
sequence of differential absorbance spectra. Note that the carbon

loading correction algorithm in the differential spectra software is
working for these examples, and samples CDOTA through CD11A show a
small, gradual increase from the fresh or reference oil. However, in e,
sample CD12A a drastic change is apparent, notwithstanding the ecarbon ‘ ?;)
loading correction. The high water content of CD13A effects the et
carbon-loading values and causes the carbon-loading correction algorithm iii
to be incorrect. The methodology produced a warning for this sample and v
remaining variables were not calculated. Aquatest IV (Karl Fisher e
Reagent ) analysis of this sample indicates .12% water, and gas chroma-
tograph analysis indicates 10f fuel. The drastic change in the differ- :§i
ential spectrum for sample CD12A is the key to an abnormal condition and .
would alert an evaluator during routine monitoring; however, at this
point in the study abnormal thresholds for infrared variables have not
been postulated. Interestingly total acid number, total solids, and l}{
crackle are within industry tolerances for this sample. Only viscosity i3
of the physical properties indicates an abnormal condition.

6. Bench Test Data. p &

The SWRI bench test of the LDT-465 engine family was in ko
accordance with the US Army, Coordinating Researc¢h Couneil, 210-hour ff
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Wheeled-Vehicle Endurance Cycle Test. This test has been correlated
with 20,000 miles of proving ground operation. O0il samples from this
test were supplied by SWRI, and the TSC performed its analyses on these
samples independently. The test cycles are outlined in Table 6, and the
TSC measured data are in Table 7. These data show a progressive
increase in all variables throughout the duration of the test. The
simple infrared transmittance spectra in Figure 33 shows a progressive
and steady change. The infrared differential absorbance spectra,
Figure 34, shows a steady and continuous increase in Det 12 (oxidation,
1810-1660 cm=1), Det I3 (degradation 1650-1535 em=1), Det I#
(oxidation/sulfation/glycol, 1300-1000 em~1), and Det I5 (oxidation,
1725-1670 ecm~1). The one positive reading for Det I1 (hydroxyl,
3600-3150 em-1) fo; sample RDO15 is more likely due to the formation of
organic acids rather than to water. There are no glycol/antifreeze
peaks (1079.8 and 1032.8 cm-1). There was a continuous increase in
sulfates (SO4, 602 cm-1) and total acid number; however, these increases
were likely due to the time sequencing of the test data. The test oil
contained approximately .32% sulfur and the test fuel contained approxi-
mately .42% sulfur. The origin of the sulfate formation is usually
linked to the fuel sulfur but recent results have provided speculation
about oxidation of the lubricant sulfur. Degradation of the oil is pro-
gressive; however, the additive package appears to still be working
because each successive spectrum reflects a steady rate of oil
degradation.

7. Selection of Threshold Levels.

Univariate statistics were performed on each variable in the

field data for the combined set of engines. These data are also in
Appendix B. By examining the frequency distribution for approximately
normally distributed variables, an indication of typical behavior for
LD-465 family field engines may be inferred as follows:

£

a, Table B-T7 contains a frequency table and plots for CL2

AT

s e o 4

(1980 cm=1), a measure of carbon loading in the oil for these engines.
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There is a distinct bimodal nature in the frequency distribution of

these data. Examination of the stem leaf plot and frequency table :Fzﬂ
suggest that there is a distribution of normally performing engines with ;;:@
a mode at approximately 1.26 absorbance units/cm, and there is a distri- gk;i
bution of abnormally performing engines with a mode at approximately :;'%;
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TABLE 6

ARMY/CRC 210-10UR WHEELED VEHICLE ENDURANCE CYCLE

Coolant Jacket-Out
Period® Time, hr. Rack/Throttle Setting Temp, °C(°F)

1 2 5 min idle followed 82(180)
by slow acceleration
to maximum powerb 3

2 1 idle 38(100)
3 2 Maximum Power 82(180) ]
4 1 idle 38(100)
5 2 Maximum Power 82(180)
6 1 idle 38(100)
7 2 Maximum Power 82(180)
8 1 idle 38(100)
9 2 Maximum Power 82(180)
10 10 5 min idle followed @ = = ====--
by shutdown

a These 10 periods yield 14 hours of running with a 10-hour
shutdown; this cycle 1s repeated 15 times for a total test
time of 210 hours.

b For the LD-465 series engines, Maximum Power occurs at 2600 rpm.
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170 absorbance units/cm. These distributions appear to overlap at
approximately 130 absorbance units/em. That is, CL2 values of 130 or
higher appear to be part to be part of a distribution for abnormally
performing engines. CL2 values for the SWRI bench test never exceeded
23.50 absorbance units/cm; however, this test should not produce
abnormal levels of carbon in the o0il. An abnormal threshold for CLZ2 in
this engine is estimated, therefore, at 130 absorbance units/cm.

b. Table B-8 contains a frequency table and plots for Det I1
(3600-3150 em-1), a measure of hydroxyl (prineipally water contami-
nation) in the o0il of this engine. Again there is a distinct bimodal
nature in the frequency distribution of these data. Examination of the
stem leaf plot and frequency table for Det I1 suggests a distribution of
normally performing engines with a mode at approximately 900 integrated
absorbance units/em and a distribution of abnormally performing engines
with a mode at approximately 5400 integrated absorbance units/em. - These
distributions appear to overlap at approximately 4000 integrated
absorbance units/em. That is, Det I1 values of 4000 or higher appear to
be part of a distribution for abnormally performing engines. This
value, 4000 integrated absorbance units/cm, suggests an abnormal
threshold for Det I1 in this engine. Data from the bench test are
mostly negative and do not indicate a water contamination problem.

¢. Table B-9 contains a frequency table and plots for Det 12
(1810-1660 em~1), a measure of oil oxidation in this engine. This dis-
tribution is unimodal, slightly skewed toward the upper tail, and less
peaked than a standard normal distribution. There is no indication of
abnormally performing engines with regard to Det I2. The lower tail of
the distribution is larger than the upper tail and this suggests that
occurrences in the small upper tail are all part of the set of normally
performing engines. Accordingly we estimate an upper evaluation
threshold at the 99th percentile of this data or 1299 integrated

absorbance units/em. Data from the bench test are all below this i -;ﬁ

threshold value; however, the last sample does approach this value, o

d. Table B-10 contains a frequency table and plots for Det I3 —uii
(1650-1535 cm~1), a measure of oil degradation in this engine. The fre- )
quency distribution of this data is unimodal with approximately equal X2
tails. The curve is broad, skewed slightly toward the lower tail and
less peaked than a standard normal distribution. Data in the extreme
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tails appear to be outliers or abnormal occurrences.

Accordingly an abnormal threshold for Det I3 is assumed

to be at the 98.9th percentile or 2090 integrated absorbance

units/cm. This value is consistent with the test engine data, but the
last sample in the test eﬁgine series does approach this threshold.

e. Table B-11 contains a frequency table and plot for Det Il
(1300-1000 cm'l), a measure of oil oxidation, sulfation, and/or glycol.
The frequency distribution of this data is essentially unimodal except
that there are several occurrences with low or near zero values. This
distribution is skewed slightly toward the lower tail, and less peaked
than a normal distribution. This distribution clearly peaks in the
2500-3000 integrated absorbance units/cm range, and there are scattered
outliers in the upper tail. We would normally estimate an abnormal
threshold at the 95th percentile; however, the bench test engines
demonstrated Det IY values well above this value without serious changes
in the rate of oil degradation. Accordingly we estimate the abnormal
threshold at the 98.9th percentile of the field data or 5222 integrated
absorbance units/cm. The last four test engine samples are above this
value and would be rejected by this methodology.

f. Table B-12 contains a frequency table and plots for Det IS
(1725-1670 cm‘l), a subset of Det I2 and further measure of oil oxi-
dation in this engine. The distribution of this data is unimodal,
skewed slightly toward the upper tail, and slightly less peaked than a
standard normal distribution. We would normally estimate the abnormal
threshold for Det IS5 at the 95th percentile; however, the last five
observations of the test engine exceed this value. Accordingly we chose
the 99th percentile or 770 integrated absorbance units/ecm for the
abnormal threshold of Det I5. The last observation from the test engine
exceeds this value and would be rejected by this methodology.

g. Table B-13 contains a frequency table and plots for FD1
(3050 em=1), a measure of aromatics in the oil at a single peak. Forty
percent of the field data is less than one. Any occurrences above zero
should be cause to consider fuel dilution. We estimate the abnormal
threshold at the 75th percentile or 5.8 absorbance units/cm.
Interestingly, four observations from the middle of the test engine data
fail this criterion; however, subsequent samples are zero. At this time

we are unsure of the cause of this phenomenon.
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h. Table B-1l4 contains a frequency table and plots for FD2
(1610 cm‘l), a measure of aromatics in the oil at a single peak.

Sixty percent of these values are concentrated below one. The range of
normal occﬁrrence probably includes only random values above zero. We
estimate the abnormal threshold for these data at the 75th percentile or
2.4 absorbance units/em. The second to last sample from the test engine
fails this criteria.

i. Table B-15 contains a frequency table and plots for FDI3
(905-685 cm‘l), a measure of aromatics in the oil. This distribution is
strongly skewed to the upper tail and sharply peaked. Abnormal
occurrences probably are not seen in the upper extremes of the data. We -
estimate the abnormal threshold at the 99th percentile, 2346 integrated
absorbance units/cm. The test engine values are all negative.

J. Table B-16 contains a frequency table and plots for FD4
(473 cm‘l), a measure of aromatics in the o0il. The distribution of this
data is unimodal, skewed slightly toward the lower tail, and much
flatter than a standard normal distribution. All observations appear to
be part of a single distribution tightly clustered about a single mode
near zero. We estimate the abnormal threshold at the 99th percentile or
1.16 absorbance units/em. All the bench test values for this variable
are at or near zero.

k. Table B-17 contains a frequency table and plots for ZNi
(670 cm~1), a measure of the oil additive ZDDP. This distribution is
well behaved, skewed to the upper tail, and slightly less peaked than a
standard normal distribution. Normal occurrence are close to zero. The
lower tail is of interest for this variable because depletion of the
additive is of concern. This tail is long and contains obvious
outliers. The abnormal threshold is, therefore, assumed to be at the

3.8th percentile or -4 absorbance units/em. The positive values are all ;
small and are considered random noise occurrences about zero. The test : :ﬁ?ﬁ

engine showed depletion of this additive in nearly all samples; however, et

™
l

there was not an increasing depletion through the last sample. This was e
probably due to small amounts of make up oil that easily improved the
ZDDP additive levels.

1. Table B-19 contains a frequency table and plots for SOA
(602 em~1), a measure of sulfates in the oil. The distribution is
unimodal, skewed slightly toward the lower tail, and much flatter than a

-..
s AT
2 0 T

oL ke

%%,
1o a%%

_ B - T R O TV S
A o 3T B LN e f ey v Y e A e > =
ST SO B e o - TR R AR S 0 i o R O o W T IO ':...-..;1:_'-._'; Satecas Siaidns




........

e ———— P .

T e . - s 9 ot
Sl T S ROk FO R Lt ML A ik e i S I Y e B SR RS i R e et e

standard normal distribution. There is a slight change in this
distribution at the 98.4th percentile and this value, 2.81 absorbance
units/cm, is assumed to be the abnormal threshold for SOP in this
engine. Interestingly nearly all the test engine samples fail this
criterion.

m. Table B-20 contains distribution for iron wear metal in
parts per million (PPM). The distribution is unimodal, skewed slightly
toward the lower tail, and much less peaked than a standard normal
distribution. The upper tail is large but continuous. The abnormal
threshold is estimated at the 99th percentile or 199 PPM. Two
occurrences, 200 and 210 PPM, fall above this threshold.

n. Table B-21 contains the distribution for viscosity measured
on the Nametre viscometer in centipoise grams/cm3. The distribution is
unimodal, skewed toward the lower tail and less peaked than a standard
normal distribution. The upper tail is larger than the lower tail. The
upper abnormal threshold is estimated at the 97th percentile or 316
centipoise grams/cm3 because the distribution appears to become discon-
tinuous at this point. A lower threshold is estimated at the 5th
percentile or 74.3 centipoise grams/cm3.

o. Table B-22 contains the distribution for total aeid number
measured in milligrams of KOH to neutralize. The distribution is
unimodal, skewed toward the lower tail, and sharply peaked. The upper
tail contains apparent outliers, thus the abnormal threshold is esti-
mated at the 98.6th percentile or 5 milligrams, the last point before
the apparent outliers.

p. Table B-23 contains distribution for total solids measured
in percent solid contaminates. The distribution is unimodal, skewed
toward the lower tail and slightly less peaked than a normal
distribution. The upper tail contains three apparent outliers. The
abnormal threshold is estimated at approximately the 98.6th percentile
or 25%. Three samples were above this threshold, and they all failed
the high carbon loading threshold.

q. Table B-2U4 contains the distribution for COBRA. The distri-
bution is bimodal with a primary mode in the 6 to 9 range and a secondary
mode in the 15 to 15.8 range. Since COBRA tends to decline as mineral
oils degrade, the lower tail is important. The abnormal threshold is
estimated at the 5th percentile or 5 COBRA units. Three samples have
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COBRA values below this threshold. Extremely high values for COBRA
indicate severe water contamination.
B. Detroit Diesel Allison 6V-53T Engine.
1. Background.
The 6V-53T engine is a six cylinder two-cycle, multi-fuel engine
manufactured by Detroit Diesel Allison, Division of GMC. It is used

extensively by the US Army in personnel carriers, combat vehicles, and
other special purpose vehicles. It is normally fueled with diesel fuel,
The TSC collected 131 samples from 15 engines over the course of this
study and used 119 observations in this analysis. These engines were
mounted in M-113 personnel carriers and were operated under normal
training conditions by the 1st Battalion of the 22nd Field Artillery at
Ft. Carson, CO.

Additionally the TSC collected samples from 6 stationary test
engines used in a 2U40-hour engine test conducted by the Army Fuels and
Lubricants Research Laboratory at SWRI to evaluate piston deposits,
wear, ring and valve distress and skirt scuffing. Forty-six samples
collected from four of these 6V-53T bench test engines were used in this
study. Nametre viscosity measurements were not made on these samples
because the TSC was unable to obtain sufficient sample volume. Data
from the Ft. Carson samples and the SWRI samples are listed in
Appendices D and E, Tables D-1 and E-1 respectively.

2. Significant Correlation.

Coefficients of correlation were computed between all possible
variable pairs for the combined Ft. Carson engine data and separately
for the combined SWRI engine data. The correlation matrices are also at
Appendices D and E, Tables D-2 and E-2, respectively. Correlation
coefficients between infrared variables and physical test variables
greater than or equal to 0.5 for both the field data and bench test data
are shown in Table 8. There is at least one significant correlation
among the infrared variables except Det I1 for each of the physical
properties. The infrared variables from the test engines are more
strongly correlated to the physical properties than the field engine but
not to the extent observed for the LDT-465 engine. These simple corre-
lations are less universal and more exclusive to specific pairs of
variables than for the LD-465 engines. These simple correlations are
sufficient to support our basic hypothesis that data in the infrared

spectra are correlated to degradation of the crankcase oils.
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3. Regression Analysf&.

We used stepwise regression to design predictive models for
viscosity, total acid number, total solids, and percent fuel dilution by
GC. These models for the field engines are in Appendix D. The best
model for viscosity is in Table D-3. It has an R2 of .88 and the
following 10 independent variables:

CL1 CL2 x Det I2
Det I1 CL2 x Det I3
Det I3 CL2 x Det Il
(Det 12)° Det I1 x Det I2
CL1 x Det I1 Det I2 x Det I4

The best model for total acid number is in Table D-4, It has an R2 of
.24 and the following 3 independent variables:

CL2

(cL2)2

CL1 x Det I2
The best model of total solids is in Table D-5. It has an R? of .85 and
the following 14 independent variables:

cL1 (Det 13)2

CcL2 CL1 x Det I1
Det I1 CL1 x Det I2
Det I2 CL2 x Det I1
Det I3 Det I1 x Det I2
Det I4 Det I1 x Det I3
(cL1)? Det I1 x Det Ik

The best model for percent fuel is in Table D-6. It has an R2 of .91,
and the following three independent variables:

CL2

(Det 13)2

Det I3 x Det I4

The models for viscosity and total solids, though large and
complex, are quite good. They show strong correlation and account for
most of the variability in the data. The model for total acid number,
on the other hand, is poor, probably because there was little variation
in total acid number in the data. Likewise fuel dilution problems with
this engine are rare. Only 14 samples were screened for possible fuel

dilution, and these were found to have fuel levels below 7 percent. The
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stepwise procedure for percent fuel did produce a surprisingly good
model; interestingly, none of the independent variables were the
aromatics specifically included in the methodology to monitor fuel.
Owing to the small population, we have little confidence in the percent
fuel model.

4., Representative Engine.

Field data from a single 6V-53T engine was selected to highlight
the change in infrared data over four sequential samples. Data from
this engine are shown in Table 9., Figure 35 shows the simple trans-
mittance spectra for samples CC10K through CC13K and the fresh oil.

Gross contamination or deterioration is not evident; however, spectra of
the used oil samples are suppressed by carbon (CL2) and contain moderate
water contamination. In one sample, CC13K, one can detect the presence
of glycol peaks at 1079.8 and 1032.8 cm-l. Figure 36 compares the
differential spectra of the four samples containing moisture with the
reference o0il. The moisture content of sample CC13K was found to be
approximately 0.25% using the Aquatest IV analyzer and Karl Fisher
reagent. The drastic change in the differential spectrum for sample

CC13K is the key to ‘an abnormal condition and would alert an evaluator

during routine monitoring.
5. Bench Test Data.
The Southwest Research Institute bench test of the 6V-53T engine
family was in accordance with the US Army, Coordinating Research Council

(CRC) 240-hour Tracked-Vehicle Endurance Cycle Test and with Federal
Test Method Standard No. 791B, Method 355T. This test has been corre-
lated to 6437 kilometers (4000 miles) of proving ground operation. O0il
samples from this test were supplied by SWRI. We performed 1ts analyses
on these samples independently. The test cycles are outlined in Table
10. The TSC measured data for one test engine are in Table 11. After
the 120-hour oil sample is taken, the engine is shut down, the oil is
drained from the filter housing and crankcase, new test oil is added,
and a new oil filter and new air clearers are installed. The data in
Table 11 shows a progressive increase in all variables, except solids,
Det I1 and FD1. The simple infrared transmittance spectra are shown in
Figures 37 and 38. A progressive and steady change for each of the
120-hours of operation is seen. The infrared differential spectra,

Figures 39 and 40, show a steady and continuous increase for
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US ARMY M-113 PERSONNEL CARRIER ENGINES
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TABLE 10

ARMY /CRC 240~-HOUR TRACKED-VEHICLE ENDURANCE CYCLE

Coolant Jacket-Qut

Period & Time, hr Rack/Throttle Setting Temp, °C(°F)
1 0.5 idle 38(100)
2.0 Maximum Power P 77(170) Foes
0.5 idle 38(100) SN
2.8 Maximum TorqueP 77(170) R
-
2 0.5 idle 38(100) BN
2.0 Maximum Power 77(170) :
0.5 idle 38(100)
2.0 Maximum Torque 77(170)
3 0.5 idle 38(100)
2.0 Maximum Power 77(170)
0.5 idle 38(100)
2.0 Maximum Torque 77(170)
4 0.5 idle 38(100)
2.0 Maximum Power 77(170)
0.5 idle 38(100)
2.0 Maximum Torque 77(170)
5 4 5 min idle, followed by
shutdown ===

a These five periods yield 20 hours of running with a 4-hour shutdown;
this cycle is repeated 12 times for a total test time of 240 hours.

b For the 6V-53T, Maximum Power occurs at 2800 rpm and Maximum Torque
occurs at 2200 rpm.
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DIFFERENTIAL SPECTRA, 6 SAMPLES
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CL2 (carbon loading, 1980 cm=1), Det I2 (oxidation, 1810-1714 em-1), Det
I3 (nitration, 1650-1538 cm'l), and Det IU (oxidation, glycol,
sulfation, 1300-1000 em~1). A continuous decrease is noted for FD1
(aromatics, 3040 ecm-1). The negative values for Det I1 (hydroxyl,
3600-3150 em~1) indicate the absence of water and glycol relative to the
fresh oil during the test. Degradation of the o0il in this engine is
progressive but not extreme.

6. Selection of Threshold Levels.

Univariate statistics were performed on each variable in the

field data and test engines independently. These data are also in
Appendices D and E. By examining the frequency distribution of each
variable, an indication or normal behavior for the 6V-53T engine may be
inferred as follows:

a. Tables D-7 and E-3 contain a frequency table and plots for
CL2 (1980 em~1), a measure of carbon loading in the oil for the field
engines and test engines respectively. The distribution for the field
engines is unimodal, skewed slightly toward the lower tail, and is much
less peaked than a standard normal distribution. The abnormal threshold
may be estimated at the 95th percentile of the distribution or 67 absor-
bance units/cm. Carbon loading for the test engines are all well below
this limit. We consider this consistent since the test engine is
operated on the laboratory bench and the test does not create particu-
larly high carbon producing conditions.

b. Tables D-8 and E-4 contain a frequency table and plots for
Det I1 (3600-3150 mm'l), a measure of hydroxyl (principally water con-
tamination) in the oil for the field engines and test engines respec-
tively. The field engine distribution is unimodal, skewed to the lower
tail and is sharply peaked. Most normal occurrences fall close to the
median value, and the upper tail contains obvious outliers.
Accordingly, an abnormal threshold may be estimated at the 97.3rd per-
centile, 2417 integrated absorbance units/cm where the first break in
continuity of the upper tail occurs. The test engines' extreme values
are well below this 1limit. Thse results are intuitively expected since
water contamination generally is a yes or no condition. The test
engines obviously did not experience water contamination.

¢. Tables D-9 and E-5 contain a frequency table and plots for
Det I2 (1810-1714 em=-1), a measure of oil oxidation for the field




engines and test engines. The field engine distribution is unimodal,
has a very light skew toward the upper tail and is much less peaked than
a standard normal distribution. Overall the distribution approximates a
normal distribution. The abnormal threshold may be estimated at the
95th percentile of the data or approximately 220 absorbance units/cm.
Since there is oxidative stressing of the oil in the 240 hour test, we
would expect the test engine distribution to approximate the field
engine distribution, and it does. The 95th percentile for the test
engines falls at 218 integrated absorbance units/cm.

d. Tables D-10 and E-6 contain a frequency table and plots
for Det I3 (1650-1538 cm'l), a measure of oil degradation for the field
engines and test engines. The distribution for the field data is
unimodal, very slightly skewed to the lower tail and less peaked than a
standard normal distribution. The distribution is a reasonable approxi-
maticn of a normal distribution, and the abnormal threshold may be
assumed at the 95th percentile or 780 absorbance units/ecm. The bench
test similarly, closely approximates a normal distribution; however, its
extreme values are slightly below this threshold.

e. Tables D-i1 and E-7 contain a frequency table and plots for
Det I4 (1300-1000 em~1l), a measure of oil oxidation, sulfation, and
glycol, for the field engines and test engines. The field engine
distribution is nearly normal in shape with only slight skew toward the
lower tail. The abnormal threshold may be estimated at the 95th
percentile or 2228 integrated absorbance units/cm. The test engines
have a very similar distribution and the 95th percentile is at 2231
integrated absorbance units/cm. As with Det I2 this value is indicative
of the oil stressing that occurs during this test and entirely consis-
tent with the estimated threshold.

f. Tables D-12 and E-8 contain a frequency table and plots for

FD1 (3040 em-1), a measure of aromatics in the oil for the field engines
and test engines. The field data is unimodal, skewed toward the lower ”E?;
tail and sharply peaked. Normal occurrences appear to fall near the .
median value. There are several outliers in the upper tail, and these ﬁfﬂﬁ
break the continuity of the distribution at about the 97th percentile. fﬁ;j
Interestingly, the test engine data are bimodal with a small secondary :fiq
mode below the primary mode. Our estimate for the abnormal threshold -—
for FD1 is the 97th percentile, 3.62 absorbance units/cm. The test {;fﬁ
engine data are well below this level as would be expected. ;;fﬂ
=

7 86 :
AT T S 3

b OE o o s 558 SOIN ST G Ly T i g O DL T B I3 1 T i e e T S S T R W 4 SRR VRN,
E e T S S IR I S e =00 R el L ST O R o N el 1P e o o R LI D I IR I SR S I S ST AL SR S,




AD-A152 993 EVALUATION OF USED CRANKCASE OILS USING COMPUTERIZED 2/2
INFRARED SPECTROMETRY(U)> JOINT OIL FINFILVSIS PROGRAM
PENSACOLA FL TECHNICAL SUPPORT CENTER B MCCAA ET AL.

UNCLASSIFIED JUN 84 JOAP-TSC-84-01 F/G 20/6

\

|

N — —



. .'-‘-‘l-‘-‘,-‘.'.‘.‘-.‘."'."!q-w‘:‘v.‘.‘.-"T.":"‘L";—v_v A AR Bow fbows on hen Jian B ey e prem g -
OSAiCa & T SR I GRS R o o i A iR s i e ot Rt SN e iy iy el P T B LI

~ T

A
PR

LTI

o, -8

'f

~
[

o

I
I

freeErEEEE
EEE
=
N
LB

=
@

N
(3

B

MICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU OF STANDARDS-1963-A

gy e g o

1Y
'J ¥

(s o
ot
e’y

e

P
o a

& A

s D S o T L O S
Sl G e
(A A

Coe ) “ﬁ - P
S AR, D5 Y




S =

g. Tables D-13 and E-9 contain a frequency distribution and

plots for FD2 (1595 em-1), a measure of aromatics in the o0il for the

field engines and test engines. Eighty-eight percent of the field
values are zero. There are several outliers in the upper tall and these

i probably are abnormal occurrences. The test engine data are again
bimodal and the upper portion of the distribution is symmetric about its
mode while the lower mode, and 35% of the occurrences, is at zero. An
abnormal threshold is difficult to estimate from these data because one
does not expect fuel contamination in the test engines and because the
fuel measurement (GC) had a significant negative correlation while one
would expect a positive correlation. Since the distribution is heavily
concentrated at or near zero, we estimate the abnormal threshold at the

90th percentile, 2.8 absorbance units/cm. If we assume the upper mode

-

in the test engine data indicates a distribution of abnormal

AL

occurrences, the above threshold woulf fall in the lower tail and thus

o
.

be an intultively appropriate eriterion.
h. Tables D-14 and E-10 contain a frequency distribution and
plots for FDI3 (904-685 em-1), a measure of aromatics, in the oil for

A ) RS

the field engines and test engines. The field data are unimodal,

o u il
e

strongly skewed to the lower tail, and sharply peaked. Most normal

=y

occurrences will fall close to the median value. An estimate of an
abnormal threshold is the 90th percentile or 657 integrated absorbance

units/em. The occurrences above this point appear to be outliers. The

:: test engine data are mostly negative and well below this criterion.

;i Again the problem assoclated with a negative correlation with GC exists
:_ for this variable. We assume that other degradation products exist

}f which affect this variable in this engine.

;: i. Tables D-15 and E-11 contain a frequency distribution and

:}: plots for ZN1 (670 em-1), a measure of the ZDDP additive, in the oil for
ij the field and test engines. The field data are unimodal, slightly

skewed toward the lower tail and sharply peaked. This additive should Zfﬁﬂ

deplete during normal operation and the abnormal threshold should be in

R

the lower tail. The test engine data are also unimodal; however, it is
slightly skewed toward the upper tail. Its peak 1s wide and flat and

the S5th percentile is -U4.39 absorbance units/cm. Based on the test

e e gie Wl
.- s e
o«
o
.
2

o engine data, the 5th percentile for the field data is probably too
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conservative for the abnormal threshold for this distribution, and we
have chosen the 1st percentile, -3.U4 absorbance units/cm as the
abnormal threshold. This value is intuitively compatable with the test
engine data.

J. Tables D-17 and E-13 contain a frequency table and plots for
iron wear metal, contamination in parts per million (PPM) for the field
and test engines. The distribution of the field data is unimodal,
slightly skewed toward the lower tail, and near normal in shape. The
data are clustered tightly until the 99th percentile or 194 PPM. The
last occurrence, 200 PPM, appears to be abnormal and this sample indeed
was heavily contaminated with water. The iron values in the test
engines were all well below this threshold.

k. Table D-18 contains a frequency table and plots for
viscosity of these oils in centipoise grams/cm3 for the field engines.
The field data are unimodal, skewed slightly toward the lower tail and
much less peaked than a normal distribution. The upper tail is
continuous with no apparent outliers, thus the abnormal limit is
estimated at the 99th percentile or 342 centipoise grams/cm3. Only one
value exceeds this limit with a viscosity of 346, and it is the water
contaminated sample noted for excess iron in paragraph j. above. The
abnormal lower limit is estimated at the 1st percentile or 102
centipoise grams/cm3. One sample has approximately this value; however,
it does not fail any of the infrared criteria.

1. Tables D-19 and E-14 contain a frequency table and plots for
total acid number in milligrams of KOH to neutralize in the oil for the
field and test engines respectively. The distribution in unimodal,
skewed toward the lower peak, less peaked than a normal distribution,
and contains apparent outliers in the upper tail. The outliers in the
upper tail begin at the 96.7th percentile or 3.22. Four occurrences
fall above this threshold. One sample with TAN of 3.6 also fails the
study criteria for Det I2 (nitration), FD1 and FD2. One sample with TAN
of 3.61 also fails FD1. Interestingly, the sample with TAN 3.73 passes
all other criteria. The final sample with TAN of 3.78 also fails the
FD2 criteria. The test. engines are all within this threshold.

m. Tables D-20 and E-15 contain a frequency table and plots for
total solids contamination in the oil in percent solid contamination for
the field and test engines. The field data are unimodal, strongly
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skewed toward the lower tail, very sharply peaked, and has a long upper
tail with an apparent outlier. The last apparent natural occurrence is
at about the 97.5th percentile or 14% solids; the outlier is at 36%
solids. Three abnormal occurrences fall above this value, and these
samples also fail Det I1 for high water contamination. The test engine
samples are all well below this threshold.

n. Table D-21 and E-16 contain the distribution for COBRA
measurement of the oil for the field and test engines. This distri-
bution is unimodal, strongly skewed toward the lower tail, very sharply
peaked, and has one apparent outlier. The abnormal threshold is assumed
to be at the 1st percentile or 3 units since this variable tends to
decline with oil degradation. The one sample with an abnormal value of
3 units also is contaminated with water. The test engines sample values
are all well above this threshold. The extremely high value in the
upper tail is normally indicative of free water or extreme water
contamination; however, in this case, the sample shows no contamination
or other severe deterioration.

C. Cummins NTC-400 Engine.

1. Background.
The NTC-400 engine is a six cylinder, diesel engine manufactured

by Cummins Engine Company and used by the US Army in the M920 tractor
truck. It is fueled with diesel fuel. The TSC collected 153 samples
from 17 engines over the course of this study. A total of 142 samples
were used for this report. These engines were mounted in M920 tractor
trucks and operated under normal use conditions by the 52nd Engineer
Battalion, Ft. Carson, CO. We were unable to obtain samples from any
NTC-400 test engines. Data for the NTC-400 field engines from
Ft. Carson are listed in Appendix F, Table F-1.

2. Significant Correlations.

Coefficients of correlation were computed between all variable
pairs for the combined Ft. Carson data. The correlation matrix is also
included in Appendix F at Table F-2. Correlation coefficients between
the infrared variables and the physical property variables are all less
than 0.5 except the pair FDI3 and HRS which had a simple correlation of
-.77.

3. Regression Analysis.

Stepwise regression was used to design predictive models for
viscosity, total acid number, total solids, and percent fuel by gas

89
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chromatograph. These models are in Appendix F. The best model for

viscosity is.at Table F-3. It has an R2 of .65, and the following 16

independent variables: i
cL2 (Det 11)2

CL2 x Det I3 Det I3 x Det I4
Det I1 (Det 12)2 Det I1 x Det I3
Det I3 (Det 13)2 Det I1 x Det I4
Det I4 (Det 14)2 Det I2 x Det I3 )
(cL2 R CL1 x Det I4 Det I2 x Det IY

The best model for total acid number is at Table F-4, It has an R2 of ¥
.59 and the following 10 independent variables:

Det I1 CL2 x Det I2
(Det 12)2 CL2 x Det I3
CL1 x Det I2 Det I1 x Det I3
CL1 x Det IN Det I1 x Det I4
CL2 x Det It Det I2 x Det I3

The best model for total solids is at Table F-5. It has an R2 of .U5
and the following 6 independent variables:

Det I1 CL2 x Det I1
(cL2)2 Det I1 x Det I2
(cL2)? Det I2 x Det I3

The best model for percent fuel dilution is at Table F-6. It has an R2
of .60 and the following 10 independent variables:

Det I2 (FD2)2 :
FDI3 CL2 x Det I3 R
(Det 11)2 Det I2 x Det I3 st
(Det I3)2 FD2 x CL2 -
(Det 14)2 FD2 x Det I2 S

We consider these regression models to be poor. Examination of the
physical properties show little variation and suggests that these

engines did not degrade their crankcase oils. The viscosity of the
lubricating oil in these engines were below 150 centipoise g/cc for U0%
of the samples received. However, only one sample was contaminated with
54 fuel. Accordingly, the regression models show weak relationships
among physical properties and infrared variables.

4, Representative Engine.
A single engine from the field data was selected to highlight
the change in infrared data over sequential samples. Data from this




engine are shown in Table 12. Spectra in Figure 41 show the sequence of
simple infrared transmittance for each sample. Note the spectra of two
samples, CGO8D and CG13D, show a small dip in the hydroxyl area
{3600-3150 em=1) indicating moisture contamination. Although these two
samples show similar amounts of moisture, the second transmits consider-
ably less infrared radiation because of its increased carbon loading as
shown by CL2 values. Otherwise these spectra show that the oil did not
deteriorate or become contaminated. The iron (Fe) wear metal readings
. indicate an o0il change probably occurred after sample CG02D. The
differential spectra for samples CG13D and CG14D, Figure U2, shows a
very small amount of hydroxyl in sample CG13D and a small increase in
sulfation (1300-1000 cm~1) in sample CG14D.
5. Selection of Threshold Levels.
Univariate statistics were performed on each variable in the

field data for the combined set of engines. These data are also in
Appendix F. By examining the frequency distribution for these data, an
indication of normal behavior for the NTC-U400 engine may be inferred as
follows:

a. Table F-7 contains a frequency table and plots for CL2
(1980 em~1), a measure of carbon loading, in the oil for this engine.
The distribution is severely skewed toward the lower tail and sharply
peaked. One apparent outlier is at 66.84 absorbance units and is
assumed to be an abnormal occurrence. Because this distribution differs
significantly from the normal, it is difficult to estimate an abnormal
threshold; however, there is a clear break in the data between the two
extreme occurrences. Accordingly we estimate the abnormal threshold at

this point or 16 absorbance units/cm.

b. Table F-8 contains a frequency table and plots for Det I1

(3600-3150 em~1), a measure of hydroxyl (principally water contami- %gk;
nation), in the oil for this engine. The distribution is strongly ;_:j
skewed toward the lower tail and sharply peaked. Normal values are izi
tightly clustered about the median. The upper tail is large and Et{l
contains probable ocutliers. An abnormal threshold is estimated at the i;ﬁ}
95th percentile of the distridution, 2878 integrated absorbance 4
units/cm. i}ﬁ?

c. Table F-9 contains a frequency table and plots for Det I2 Eiﬁ:
(1810-1714 em-1), a measure of oil oxidation, for this engine. The ;{;@
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frequency distribution is unimodal, skewed toward the lower tail, and
sharply peaked. The upper tail contains apparent outliers above the

98.6th percentile. The abnormal threshold is estimated at the 98.6th
percentile of the distribution of 456 integrated absorbance units/cm.

d. Table F-10 contains a frequency table and plots for Det I3
(1650-1538 cm'l), a measure of carboxylates, for this engine. The
frequency distribution is unimodal, skewed slightly toward the lower
tail, and sharply peaked. The upper tail contains apparent outliers
above the 98.6th percentile. The abnormal threshold is estimated at the
98.6th percentile or 860 integrated absorbance units/cm.

e. Table F-11 contains a frequency table and plots for Det IY
(1300-1000 em~1), a measure of oil oxidation, sulfation, and glycol.
This distribution is unimodal, skewed toward the lower tail, sharply
peaked, and normal occurrences appear to cluster tightly about the
median. There appears to be only one outlier which is probably an
abnormal occurrence. The abnormal threshold is estimated at 3000 inte-
grated absorbance units/em which is at about the 98.6th percentile
because the data below and including this value are all tightly
clustered.

f. Table F-12 contains a frequency table and plots for FD1
(3040 em-1), a measure of aromatics, in the oil collected for this
engine. The distribution is unimodal, skewed toward the lower tail, and
sharply peaked. The upper tail is long relative to the lower tail. The
abnormal threshold is estimated at the 95th percentile or about 7.1

absorbance units/cm.

g. Table F-13 contains a frequency table and plots for FD2
(1595 cm‘l), a measure of aromatics, in the o0il collected for these i 5l

engines. Sixty-seven percent of all occurrences for this variable are

zero. The distribution has a long narrow upper tail and at least two

occurrences that appear to be extreme-outliers or abnormal occurrences. F:_j
Since the data is so tightly concentrated at zero, nearly all occurrence :
above this value would appear abnormal. Therefore, the abnormal thres- .'ri
hold is estimated at the 75th percentile or 2.2 absorbance units/cm. A

h. Table F-14 contains a frequency table and plots for FDI3 i___
(905-685 em-1), a measure of aromatics, collected for these engines. :i?}]
This distribution is unimodal, skewed toward the lower tail, and sharply Si;f:
peaked. There appear to be two clear outliers. The abnormal threshold tgz%

95 /
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is estimated at the 95th percentile of the distribution or 882
absorbance units/cm. ’

i. Table F-15 contains a frequency table and plots for ZN1
(670 em~1), a measure of ZDDP additive, collected for these engines.
Ninety-nine percent of this distribution is clustered between -4.07 and
1.73 absorbance units/cm. Since this variable measures depletion,
negative values indicate an increase in degradation. The abnormal
threshold is assumed at the 5th percentile which is -3.7 absorbance
units/cm.

J. Table F-17 contains a frequency table and plots for iron
wear metal, contamination in parts per million (PPM). The distri-
bution is unimodal, skewed toward the lower tail, and slightly less
peaked than a standard normal distribution. The upper tail contains a
possible outlier. The abnormal threshold is estimated at the 99th
percentile or 66 PPM. One sample exceeds this threshold, and it also
exceeds the threshold for FD2.

k. Table F-18 contains a frequency table and plots for oil
viscosity for this engine measured with the Nametre Viscometer in
centipoise grams/em3. The distribution is unimodal, slightly skewed
toward the lower tail, and less peaked than a standard normal distri.
bution. Both the upper tail and the lower tail have one apparent
outlier. The upper abnormal threshold is estimated at the 99th
percentile or 243 centipoise grams/cm3 and the lower threshold is
estimated at the 1st percentile or 75 centipoise grams/cm3. Both
apparent outliers pass all the infrared criteria.

1. Table F-19 contains a frequency table and plots for total
acid number of these oils, measured in milligrams of KOH to neutralize.
The distribution is unimodal, skewed toward the upper tail, and similar
to a standard normal distribution in peakedness. No apparent abnormal
occurrences are in the distribution. The abnormal threshold is
estimated at the 97 h percentile or 3.27. Only one sample falls above
the threshold, and it passes all the infrared criteria; however, its Det
12 value, 412 integrated absorbance units/em, is approaching the
abnormal threshold u56.

m. Table F-20 contains a frequency table and plots for total
solids contamination measured in percent solid contamination. Twenty

percent of all occurrence are at .4%. The abnormal threshold is
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estimated at the 95th percentile which occurs at 2.94%. There are seven
samples falling above this threshold. Three of these samples also
failed the FD2 criterion; the other passed all the infrared criteria.

n., Table F-21 contains a frequency table and plots for COBRA.
The distribution is unimodal, slightly skewed toward the lower tail, and
less peaked than a normal distribution. The lower tail is of interest

since this variable tends to decrease as the oil degrades. The abnormal
threshold is estimated at the 5th percentile or 4.9 units.
D. Detroit Diesel Allison 8V-71T Engine.
1. Background.
T.e 8V-T1T engine is an eight cylinder, two-cycle, multi-fuel
engine manufactured by Detroit Diesel Allison, Division of GMC., It is

used extensively by the US Army in a self-propelled howitzer and other
special purpose equipment. It is normally fueled with diesel fuel. The
TSC collected 177 samples from 15 engines over the course of this study.
A total of 152 samples were used for this report. These engines were
mounted in M109 self-propelled howitzers and operated under normal
training conditions by the 1st Battalion of the 29th Field Artillery,
4th Infantry Division at Ft. Carson, CO. We were unable to obtain
samples from 8V-T1T bench tes* engines. Data for the 8V-71T field
engines from Ft. Carson are listed in Appendix G, Table G-1.

2, Significant Correlations.

Coefficients of correlation were computed between all variable
pairs for the combined Ft. Carson data. The correlation matrix is at
Table G-2. Correlation coefficients between the infrared variables and
the physical property variables are all less than 0,5 except for the
pair, total solids and carbon loading, which was .776.

3. Regression Analysis.

Stepwise regression was used to design predictive models for E:Sﬂf
viscosity, total acid number, total solids, and percent fﬁgI~by gas L
chromatograph. These models are in Appendix G. The best model for
viscosity is at Table G-3. It has a R2of .38 and the following 18
independent variables:

CL1 (Det I1)2 CL2 x Det I3

CL2 (Det 12)2 Det I1 x Det I2

Det I (Det 13)2 Det I1 x Det I3

Det Ik (Det I4)2 Det I1 x Det IX
(cL1) 2 CL1 x Det IT Det I2 x Det IH R
(cL2) 2 CL1xDet I3 Det I3 x Det It 5
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The best model for total acid number is at Table G-4. It has an R2
of .46 and the following 20 independent variables:

CL1 (cL2)2 CL1 x Det I2 Det I1 x Det I2
cL2 - (Det 11)2 CL1 x Det Il Det I1 x Det I3
Det I3 (Det 12)2 CL2 x Det I1 Det I1 x Det Ik
Det IY (Det I3)°2 CL2 x Det I2 Det I2 x Det I3
(cL1)2 CL1 x Det I1 CL2 x Det I3 Det I2 x Det I4

The best model for total solids is at Table G-5. It has an R2 of .74
and the following 16 independent variables:

CcL1 (cL1)2 CL1 x Det I3 CL2 x Det I3
cL2 (cL2)? CL1 x Det Ik CL2 x Det Ik
Det I1 (Det 2)2 CL2 x Det I1 Det I1 x Det I3
Det I2 CL1 x Det I1 CL2 x Det I2 Det I2 x Det Il

The best model for GC is at Table G-6. It has an R2 of .75 and the
following 10 independent variables:

Det I1 Det I1 x Det I2
Det I4 Det I1 x Det I
FDI3 Det I2 x Det I3
(Det I1)2 Det I3 x Det I4
(Det I2)2 (FD2) 2

All of these regression models are poor except the models for total
solids and fuel dilution. As we would expact, the physical proper-
ties show little degradation or change in the oil for this engine except
for a slight accumulation in total solids and some fuel dilution. Since

these engines experience a fuel dilution problem, we were able to design
an effective model to predict fuel.

4, Representative Engine.

A single engine from the field engines was selected to highlight
the change in infrared data over sequential samples. Data from this

engine are shown in Table 13. A decrease in iron (Fe) wear metal, total

acid number, solids, and CL2 show that an oil change probably occurred
after samples CHO3J and CHOTJ. Four samples, CHO3J, CHO5J, CHO6J, and
CHOTJ show moisture contamination (Det I1).

The presence of small amounts of fuel was found in all samples

ol
from this engine. The low viscosity of these samples is probably due to Qé;
this fuel dilution. The simple infrared transmittance spectra, Figure t:f:
43, does not show any appreclable deterioration but does show moisture f3?3
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contamination in samples CHO3J, CHO5J, and CHOTJ. Glycol (antifreeze)
was no<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>